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ABSTRACT
Mycobacterium avium ssp. paratuberculosis (MAP) is 
the etiological agent of Johne’s disease in cattle. Johne’s 
disease is a disease of significant economic, animal 
welfare, and public health concern around the globe. 
Therefore, understanding the genetic architecture of 
resistance to MAP infection has great relevance to ad-
vance genetic selection methods to breed more resistant 
animals. The objectives of this study were to perform a 
genome-wide association study of previously analyzed 
50K genotypes now imputed to a high-density single 
nucleotide polymorphism panel (777K), aiming to vali-
date previously reported associations and potentially 
identify additional single nucleotide polymorphisms 
associated with antibody response to MAP infection. A 
principal component regression-based genome-wide as-
sociation study revealed 15 putative quantitative trait 
loci (QTL) associated with the MAP infection pheno-
type (serum or milk ELISA tests) on 9 different chro-
mosomes (Bos taurus autosomes 5, 6, 7, 10, 14, 15, 16, 
20, and 21). These results validated previous findings 
and identified new QTL on Bos taurus autosomes 15, 
16, 20, and 21. The positional candidate genes NLRP3, 
IFi47, TRIM41, TNFRSF18, and TNFRSF4 lying 
within these QTL were identified. Further functional 
validation of these genes is now warranted to investi-
gate their roles in regulating the immune response and, 
consequently, cattle resistance to MAP infection.
Key words: Johne’s disease, paratuberculosis, bovine 
high-density SNP panel, genome-wide association study
Short Communication
Johne’s disease (JD) is a chronic intestinal inflamma-
tory disease of ruminants caused by the gram-positive 
bacteria Mycobacterium avium ssp. paratuberculosis 
(MAP). With its worldwide distribution, JD causes 
major economic losses to the dairy industry due to 
decreased productivity in infected animals, premature 
culling, and management costs that are associated 
with controlling disease transmission (Ott et al., 1999; 
Coussens, 2001). Prevention of JD is greatly hindered 
by the lack of effective treatment options and high ef-
ficacy vaccines. However, resistance to MAP infection 
appears to be a heritable trait; thus, it may be possible 
to selectively breed animals for enhanced resistance to 
JD (Koets et al., 2000; Mortensen et al., 2004; Gonda 
et al., 2006; Küpper et al., 2012).
Pant et al. (2010) performed a genome-wide asso-
ciation study (GWAS), based on principal component 
regression analysis and Illumina BovineSNP50 (50K) 
genotypes, and identified QTL on BTA1, BTA5, BTA6, 
BTA7, BTA10, BTA11, and BTA14 that were associ-
ated with MAP infection status, as indicated by milk 
and serum antibody response to MAP infection (Pant 
et al., 2010). This study and other GWAS performed 
on different cattle populations suggest that resistance 
to JD is polygenic in nature (Gonda et al., 2007; Settles 
et al., 2009; van Hulzen et al., 2012; Alpay et al., 2014; 
Zare et al., 2014). However, there is a lack of congru-
ence in the QTL identified, likely due to the different 
phenotypes that were used to define MAP infection 
status, the low heritable nature of these phenotypes, 
the complex nature of the disease progression, and the 
absence of QTL having a large effect on the disease 
phenotype (Kirkpatrick and Shook, 2011).
Previous GWAS have mostly relied on a 50K SNP 
panel to identify QTL associated with MAP infection 
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status. Since infection status is influenced by a large 
number of genetic variants having small effects, it is 
certain that genotype data from such a low-density 
SNP panel will lack power to fine-map any causal vari-
ants. In recent years, with the improvement in genomic 
technologies and availability of high-density bovine 
777K SNP panel (HD), it is now possible to perform 
GWAS aiming to identify QTL with increased accuracy 
(Erbe et al., 2012). Genotyping animals using HD pan-
els is still expensive, but costs can be greatly reduced 
if genotyping is performed using a cheaper low-density 
(LD) SNP panel followed by genotype imputation to a 
HD SNP panel based on genotype information from a 
reference population of cattle.
Genotype imputation to HD SNP panel enables 
prediction of genotypes at loci that were not previ-
ously investigated using the LD platform. The imputed 
genotypes can then be tested for associations with a 
phenotype of interest by performing a GWAS, or be 
used to fine-map previously identified genomic regions 
harboring a QTL of interest (Marchini and Howie, 
2010). Sargolzaei et al. (2014) previously demonstrated 
high imputation accuracy from a 50K SNP to HD SNP 
panel (777K), even with a small reference population 
of cattle.
The objectives of this study were to impute previous-
ly analyzed 50K data generated by Pant et al. (2010) 
to HD SNP panel (777K), and to perform a principal 
component regression-based GWAS on the imputed 
genotype data. The following analysis is based on the 
hypothesis that HD genotypes will enable identifica-
tion of additional QTL associated with MAP infection 
status in cattle, especially in regions of low marker 
coverage on the previous 50K SNP platform.
Sample collection, classification of sampled animals 
as MAP positive (n = 90) and negative (n = 142) co-
horts based on MAP infection status, and genotyping 
were previously described by Pant et al. (2010). Briefly, 
blood was collected from cows in 6 commercial herds in 
Southwestern and Eastern Ontario, Canada. Infection 
status of these animals was based on detection of MAP-
specific antibodies in milk or blood plasma by ELISA 
test (IDEXX Laboratories, Westbrook, ME). Out of 
the 90 MAP-positive animals, 34 and 56 animals were 
considered as MAP-positive based on blood plasma and 
milk ELISA, respectively. Only the infection-free Hol-
steins that were older than 5.8 yr of age were chosen for 
the healthy (MAP negative) cohort (n = 142). Genomic 
DNA extracted from the buffy blood coat of a total 
of 232 animals were genotyped using the Illumina Bo-
vineSNP50 BeadChip (50K, Illumina Inc., San Diego, 
CA).
The 50K genotype data from 232 individuals was 
imputed to the BovineHD BeadChip SNP panel (777K, 
Illumina Inc.) using the FImpute software (Sargolzaei 
et al., 2014), based on the assumption that closely re-
lated individuals share longer haplotypes and distant 
relatives share shorter haplotypes. FImpute can per-
form imputation based on both family-based as well as 
population-based methods. As no pedigree information 
was available for our genotyped animals, imputation to 
the HD marker panel was performed using the popula-
tion-based method.
Before performing GWAS, quality control (QC) 
measures were applied to imputed HD genotypes us-
ing the GENABEL package in R software (Aulchenko 
et al., 2007). Single-nucleotide polymorphisms with a 
minor allele frequency (MAF) lower than 10% were 
excluded. In total 522,197 SNP passed the QC filters 
and were considered for subsequent analyses.
A GWAS was performed on the imputed genotype 
data by 2-stage logistic regression approach as de-
scribed in Pant et al. (2010). Briefly, single SNP logistic 
regression was performed in the first stage using the 
following model:
 Logit (Yi) = μ + βα + ei, 
where Yi = phenotype of the animal (coded as 0 for 
MAP-negative and 1 for MAP-positive animals, respec-
tively); μ = overall mean; β = regression coefficient; α 
= allele substitution effect coded as −1 for homozygote 
genotype mm, 0 for heterozygous genotype Mm or 
mM, and 1 for the other homozygous genotype MM; 
and ei is the random error. In the second stage, all the 
significant SNP (P < 0.05) from the single SNP regres-
sion step were analyzed chromosome-wise by step-wise 
logistic regression as described in Pant et al. (2010) 
with the exception that the principal components (PC) 
were selected as covariates along with the SNP in ques-
tion, which explained 80% of the total variance in the 
genomic relationship matrix (G) and all the duplicate 
genotype columns were removed before logistic regres-
sion. Backward selection based on Akaike’s informa-
tion criterion was used to drop PC terms that failed to 
improve the fit of the model. A complete description 
of the model as described by Pant et al. (2010) is as 
follows:
 Logit Y P ei t t j j jj
k( ) = + + +=∑µ β α β ,1  
where Yi = binomial response phenotype of the ith 
animal; μ = overall mean; βt = regression coefficient 
for the additive effect of the SNPt; Pj = PC terms; βj = 
multiple regression coefficients for the PC terms; and 
ei = random error. The binomial response phenotype 
(dependent variable) was coded as in the preliminary 
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analysis. The coded coefficients for the additive (αt) ef-
fect (independent variable) of SNPt were as in the single 
SNP regression analysis. This procedure was repeated 
for each SNP on each chromosome, and P-values, odds 
ratios, and confidence intervals were obtained for all 
SNP. Multiple testing correction was applied using 
Šidák correction (Sidak, 1967) after the second stage 
of the analysis and was only based on the number of 
markers included in the second stage of our analysis.
Of the 522,197 SNP that passed QC filtering, 40,592 
SNP were found to be significantly associated with 
antibody response to MAP at P < 0.05 in the first 
stage of single SNP logistic regression. The significant 
SNP were then analyzed chromosome-wise using PC 
multiple logistic regression model (second stage). The 
Sidak correction for the genome-wide multiple compari-
son threshold (P < 1.99E-6) was estimated based on 
25,647 SNP (without duplicate genotypes). A total of 
41 SNP across 9 chromosomes were found to be sig-
nificant at P < 1.99E-6 (Table 1 and Figure 1). Chro-
mosomal regions overlapping within 600 kb were as-
sumed as single QTL, and based on this assumption, 41 
SNP were grouped as 15 QTL found on BTA5, BTA6, 
BTA7, BTA10, BTA14, BTA15, BTA16, BTA20, and 
BTA21 (Table 1). A description of all the significant 
SNP, their accession numbers, chromosomal positions, 
odds ratio, their major and minor alleles, MAF, and 
P-value, along with gene symbols located within 1 Mb 
are shown in Table 1. In addition, the Manhattan plot 
for PC multiple regression analysis of HD imputed data 
is shown in Figure 1.
Other studies have also investigated the genetic ar-
chitecture of MAP infection status in cattle. Significant 
genomic regions have been reported on various chromo-
somes such as BTA1 (Alpay et al., 2014), BTA2 (Alpay 
et al., 2014; Sallam et al., 2017), BTA3 (Settles et al., 
2009; Zare et al., 2014; Sallam et al., 2017), BTA4 and 
BTA5 (van Hulzen et al., 2012), BTA6 (Alpay et al., 
2014; Sallam et al., 2017), BTA7 (Alpay et al., 2014), 
BTA8 (Kiser et al., 2017; Sallam et al., 2017), BTA9 
(Settles et al., 2009), BTA10, BTA12, and BTA14 
(Kiser et al., 2017), BTA16 (Zare et al., 2014; Kiser et 
al., 2017), BTA17 (Alpay et al., 2014; Zare et al., 2014), 
BTA18 (van Hulzen et al., 2012), BTA20 (Gonda et al., 
2007), BTA22 (Kiser et al., 2017), BTA23 (Zare et al., 
2014), BTA25 and BTA27 (Sallam et al., 2017), BTA28 
(van Hulzen et al., 2012), and BTA29 (Alpay et al., 
2014; Sallam et al., 2017).
However, most of these studies were conducted using 
low- to moderate-density SNP panels that have lower 
genome coverage compared with the HD panel used in 
the current study (777K). Although genotyping animals 
with HD SNP panels is advantageous, it is also more 
expensive. Therefore, one alternative is to reanalyze LD 
genotypes by imputation to a HD SNP panel, which 
was the objective of the present study.
Principal component regression analysis of imputed 
HD genotypes revealed a total of 15 QTL on 9 differ-
ent chromosomes to be associated with MAP infection 
in Holstein cattle. The list of gene symbols harboring 
the defined QTL regions is represented in Table 1. In 
the previous 50K genotype data analysis of the same 
resource population, Pant et al. (2010) reported QTL 
on BTA1, BTA5, BTA6, BTA7, BTA10, BTA11, and 
BTA14 to be significantly associated with MAP infec-
tion status. Associations of these QTL were validated 
in the current analysis on BTA5 and BTA10. Overlap-
ping QTL on BTA7 and BTA14 were also observed 
when chromosome-wide threshold for multiple testing 
was used. However, it did not reach the significance 
threshold when the genome-wise correction was used. 
Although peaks were observed for QTL on BTA1 and 
BTA11, they did not cross the threshold of genome-wise 
and chromosome-wise multiple testing P-values. This 
could be due to the inclusion of PC that explained 80% 
of the total variance in the current analysis, as opposed 
to 90% as described in Pant et al. (2010). Another rea-
son could be that different genome reference assemblies 
were used. The genome assembly used in this study was 
Bos_taurus_UMD_3.1.1, whereas BTAU 4.0 assembly 
was used by Pant et al. (2010) for annotation. As the 
bovine reference panels gets updated, there will be 
changes in the way genes are annotated, and Florea et 
al. (2011) reported major effects on gene content with 
the way genome sequences are assembled and updated. 
In addition to the overlapping QTL found in these 
studies, 7 additional QTL on BTA15, BTA16, BTA20, 
and BTA21 were identified in the present study. The 
identification of these additional QTL can be attrib-
uted to the higher number of SNP markers on 777K HD 
panel, which increase the power of GWAS.
Mapping of genes within the identified QTL regions 
revealed the presence of candidate genes that could be 
related to resistance to MAP infection in cattle. This 
includes genes such as NLRP3, IFi47, and TRIM41 
within the QTL defined on BTA7, and TNFRSF18 and 
TNFRSF4 on BTA16. NLRP3 is a Nod-like intracel-
lular innate immune receptor that recognizes pathogen-
associated molecular patterns and triggers induction of 
pro-inflammatory cytokines IL-1β and IL-18 through 
caspase-1 activation within the inflammasome complex 
(Zaki et al., 2011). Interestingly, SNP on NLRP3 region 
contribute to Crohn’s disease susceptibility in humans 
(Villani et al., 2009), and MAP has been linked with this 
disease (Scanu et al., 2007). The second candidate gene 
IFi47, interferon gamma inducible protein 47 or IRG47, 
4 MALLIKARJUNAPPA ET AL.
Journal of Dairy Science Vol. 101 No. 8, 2018
T
ab
le
 1
. 
A
 d
es
cr
ip
ti
on
 o
f 
th
e 
SN
P
 s
ig
ni
fic
an
tl
y 
as
so
ci
at
ed
 w
it
h 
M
yc
ob
ac
te
ri
um
 a
vi
um
 s
sp
. 
pa
ra
tu
be
rc
ul
os
is
 i
nf
ec
ti
on
 s
ta
tu
s1
Q
T
L
 
SN
P
 r
sI
D
B
T
A
P
os
it
io
n 
(b
p)
M
A
F
O
dd
s 
ra
ti
o
P
-v
al
ue
 
G
en
e 
sy
m
bo
ls
 (
w
it
hi
n 
1 
M
bp
)
 
O
ve
rl
ap
1
rs
13
52
42
51
8
5
81
,5
30
,6
72
0.
27
0.
11
78
6
3.
87
E
-0
7
C
C
D
C
91
, 
P
T
H
L
H
, 
FA
R
2,
 M
A
N
SC
, 
R
E
P
15
, 
P
P
F
IB
P
1
Y
es
 
rs
10
93
39
85
4
5
82
,4
82
,5
67
0.
48
0.
08
54
5
2.
65
E
-0
8
E
R
G
IC
2,
 K
L
H
D
C
5,
 M
A
N
SC
4,
 M
R
P
S3
5
 
 
rs
13
42
45
82
3
5
82
,4
94
,8
74
0.
48
11
.7
03
2
2.
65
E
-0
8
A
R
N
T
L
2,
 S
T
K
38
L
, 
M
E
D
21
, 
T
M
7S
F
3,
 F
G
F
R
1O
P
2,
 A
SU
N
, 
IT
P
R
2
 
2
rs
13
48
10
45
6
6
19
,0
64
,4
92
0.
3
24
.3
70
5
8.
52
E
-1
0
P
A
P
SS
1,
 D
K
K
2,
 S
G
M
S2
, 
C
Y
P
2U
1,
 H
A
D
H
, 
L
E
F
1
N
o
3
rs
13
27
56
39
9
7
41
,9
74
,2
04
0.
43
0.
04
36
8
1.
44
E
-0
6
N
L
R
P
3,
 I
F
I4
7,
 O
R
2B
11
, 
T
R
IM
52
N
o
 
rs
11
06
01
31
4
7
41
,9
80
,2
31
0.
43
22
.4
15
2
1.
35
E
-0
6
G
N
B
2L
1,
 T
R
IM
41
, 
O
R
2C
3,
 T
R
IM
7,
 O
R
2G
2,
 O
R
2V
2
 
 
rs
11
04
50
82
1
7
41
,9
83
,7
05
0.
43
0.
04
46
1
1.
35
E
-0
6
B
T
N
L
9,
 C
O
X
7B
, 
O
R
2G
3
 
4
rs
42
55
68
67
10
50
,6
70
,1
73
0.
41
5.
73
78
5
2.
45
E
-0
7
G
T
F
2A
2,
 B
N
IP
2,
 G
C
N
T
3,
 F
A
M
81
A
, 
M
Y
O
1E
Y
es
 
rs
13
43
55
63
3
10
50
,6
79
,4
66
0.
41
0.
17
42
8
2.
45
E
-0
7
F
O
X
B
1,
 C
C
N
B
2,
 R
N
F
11
1,
 A
N
X
A
2,
 F
A
M
63
B
 
 
rs
42
55
68
51
10
50
,7
05
,4
59
0.
41
0.
15
63
6
7.
72
E
-0
8
N
A
R
G
2,
 R
O
R
A
, 
A
D
A
M
10
, 
A
Q
P
9,
 A
L
D
H
1A
2
 
 
rs
13
39
88
41
4
10
50
,9
21
,6
08
0.
4
6.
00
82
1.
24
E
-0
7
P
O
L
R
2M
 
 
rs
13
28
17
92
3
10
50
,9
71
,1
53
0.
4
0.
16
64
4
1.
24
E
-0
7
 
 
 
rs
43
62
90
42
10
52
,0
23
,0
61
0.
35
0.
16
20
1
2.
90
E
-0
8
 
 
5
rs
13
28
70
21
0
10
59
,3
71
,0
41
0.
44
0.
17
25
3
2.
43
E
-0
7
C
Y
P
19
A
1,
 A
P
4E
1,
 G
L
D
N
, 
D
M
X
L
2,
 S
P
P
L
2A
, 
T
R
P
M
7,
 S
C
G
3,
 U
SP
50
, 
U
SP
8,
 L
Y
SM
D
2,
 T
M
O
D
2,
 G
A
B
P
B
1,
 H
D
C
, 
T
M
O
D
3,
 L
E
O
1,
 S
L
C
27
A
2,
 
M
A
P
K
6,
 T
B
P
L
2
Y
es
6
rs
11
02
42
62
9
10
68
,1
19
,0
52
0.
41
9.
19
32
9
6.
18
E
-0
9
T
B
P
L
2,
 A
T
G
14
, 
F
B
X
O
34
, 
K
T
N
1,
 D
L
G
A
P
5,
 L
G
A
L
S3
, 
M
A
P
K
1I
P
1L
, 
SO
C
S4
, 
W
D
H
D
1,
 G
C
H
1,
 S
A
M
D
4A
, 
P
E
L
I2
, 
M
IR
22
92
, 
C
G
R
R
F
1,
 G
M
F
B
, 
C
N
IH
, 
C
D
K
N
3
Y
es
7
rs
11
08
13
15
5
14
48
,1
58
,4
99
0.
47
0.
12
58
9
9.
09
E
-0
9
SA
M
D
12
, 
M
IR
24
89
, 
E
X
T
1,
 T
N
F
R
SF
11
B
, 
M
E
D
30
, 
C
O
L
E
C
10
, 
M
A
L
2
N
o
 
rs
11
07
74
92
7
14
48
,1
61
,0
79
0.
47
7.
94
32
5
9.
09
E
-0
9
 
 
8
rs
41
74
28
92
14
49
,9
65
,1
70
0.
28
0.
16
08
9
5.
50
E
-0
8
E
IF
3H
, 
U
T
P
23
, 
R
A
D
21
, 
A
A
R
D
, 
T
R
P
S1
N
o
9
rs
13
54
96
86
6
15
24
,7
78
,7
51
0.
23
0.
08
45
7
1.
71
E
-0
7
H
T
R
3B
, 
U
SP
28
, 
H
T
R
3A
, 
C
L
D
N
25
N
o
 
rs
41
74
82
78
15
24
,7
83
,7
44
0.
18
13
.4
53
1
1.
13
E
-0
7
Z
W
10
, 
Z
B
T
B
16
, 
T
M
P
R
SS
5,
 D
R
D
2
 
 
rs
42
76
70
91
15
24
,7
92
,7
98
0.
23
11
.8
24
2
1.
71
E
-0
7
R
B
M
7,
 R
E
X
O
2,
 T
T
C
12
, 
N
C
A
M
1,
 N
X
P
E
4
 
10
rs
13
49
45
48
4
16
49
,0
06
,2
58
0.
32
5.
05
35
5
3.
63
E
-0
7
T
N
N
T
2,
 L
A
D
1,
 T
N
N
I1
, 
C
SR
P
1,
 I
P
O
9
N
o
 
rs
13
29
76
61
7
16
49
,0
09
,9
28
0.
32
0.
19
78
8
3.
63
E
-0
7
T
IM
M
17
A
, 
SH
IS
A
4,
 M
IR
23
20
, 
 
 
rs
13
77
67
50
3
16
49
,8
86
,6
43
0.
38
0.
18
44
1.
53
E
-0
7
T
P
R
G
1L
, 
M
IR
55
1A
, 
A
R
H
G
E
F
16
, 
P
R
D
M
16
 
 
rs
13
30
93
88
7
16
49
,8
96
,3
49
0.
38
1.
5E
-0
7
1.
53
E
-0
7
 
 
11
rs
13
61
82
70
7
16
53
,2
47
,1
38
0.
41
0.
11
55
3.
95
E
-0
8
T
N
F
R
SF
18
, 
T
N
F
R
SF
4,
 D
N
A
JC
16
, 
C
A
SP
9,
 C
E
L
A
2A
, 
A
G
M
A
T
, 
C
T
R
C
N
o
 
rs
13
31
96
44
3
16
53
,2
47
,9
13
0.
41
8.
65
79
1
3.
95
E
-0
8
E
F
H
D
2,
 P
L
E
K
H
M
2,
 S
L
C
25
A
34
, 
T
M
E
M
82
, 
F
B
L
IM
1,
 S
P
E
N
, 
T
M
E
M
51
 
 
rs
11
06
21
54
5
16
53
,2
64
,2
76
0.
44
0.
14
36
1
2.
90
E
-0
8
Z
B
T
B
17
, 
K
A
Z
N
, 
SA
M
D
11
, 
N
O
C
2L
, 
K
L
H
L
17
, 
C
16
H
1o
rf
17
0,
 H
E
S4
 
 
rs
20
98
89
90
0
16
53
,2
65
,5
78
0.
46
7.
27
21
2.
21
E
-0
8
IS
G
15
, 
A
G
R
N
, 
R
N
F
22
3,
 C
16
H
1o
rf
15
9,
 A
C
A
P
3,
 S
C
N
N
1D
, 
P
U
SL
1
 
 
rs
41
81
11
50
16
53
,2
77
,8
01
0.
33
0.
13
80
2
1.
02
E
-0
8
C
P
SF
3L
, 
G
LT
P
D
1,
 M
IR
20
0B
, 
C
16
H
1o
rf
23
3,
 M
IR
20
0A
, 
M
IR
42
9
 
 
rs
41
81
02
07
16
53
,2
88
,6
54
0.
33
7.
24
55
7
1.
02
E
-0
8
A
U
R
K
A
IP
1,
 C
C
N
L
2,
 M
R
P
L
20
, 
A
N
K
R
D
65
, 
SD
F
4,
 B
3G
A
LT
6,
 
FA
M
13
2A
, 
U
B
E
2J
2,
 D
V
L
1,
 M
X
R
A
8T
M
E
M
88
B
, 
V
W
A
1,
 A
T
A
D
3A
12
rs
41
81
06
62
16
55
,6
77
,3
10
0.
34
0.
16
54
9
1.
29
E
-0
7
P
R
A
M
E
F
12
, 
C
Y
B
5R
1,
 A
D
IP
O
R
1,
 K
L
H
L
12
, 
R
A
B
IF
, 
Z
B
T
B
37
N
o
 
rs
43
04
08
72
16
55
,7
21
,8
89
0.
34
0.
15
43
4
4.
27
E
-0
8
P
D
P
N
, 
K
D
M
5B
, 
C
16
H
1o
rf
15
8,
 P
R
D
M
2,
 P
R
D
X
6,
 R
A
B
G
A
P
1L
 
 
rs
13
47
92
86
1
16
55
,7
22
,8
41
0.
33
0.
16
41
8.
03
E
-0
8
SL
C
9C
2,
 A
N
K
R
D
45
, 
K
L
H
L
20
, 
C
E
N
P
L
, 
D
A
R
S2
, 
SE
R
P
IN
C
1
 
 
rs
10
91
19
53
8
16
55
,8
39
,8
33
0.
42
0.
13
21
7
5.
82
E
-0
8
 
 
 
rs
13
50
66
03
9
16
56
,1
08
,2
58
0.
35
5.
63
22
7
2.
76
E
-0
7
 
 
 
rs
42
02
32
78
16
56
,1
14
,3
87
0.
34
0.
13
95
8
2.
96
E
-0
8
 
 
 
rs
43
73
93
43
16
56
,1
20
,5
77
0.
35
0.
17
04
4
1.
91
E
-0
7
 
 
13
rs
11
04
73
14
9
20
29
,3
20
,1
29
0.
47
4.
62
07
9
3.
71
E
-0
7
H
C
N
1,
 E
M
B
, 
M
R
P
S3
0,
 P
A
R
P
8
N
o
14
rs
13
68
13
05
5
20
24
,5
27
,1
08
0.
31
0.
21
12
9.
90
E
-0
7
SN
X
18
, 
H
SP
B
3,
 E
SM
1,
 G
Z
M
K
, 
A
R
L
15
, 
G
Z
M
A
, 
C
D
C
20
B
, 
G
P
X
8,
 
M
IR
44
9A
, 
M
C
ID
A
S,
 C
C
N
O
, 
D
H
X
29
, 
P
P
A
P
2A
, 
SL
C
38
A
9,
 N
D
U
F
S4
N
o
15
rs
13
32
73
79
1
21
71
,3
38
,8
09
0.
16
12
.6
77
1
6.
17
E
-0
7
P
A
C
S2
, 
C
R
IP
1,
 C
21
H
14
or
f8
0,
 B
R
F
1,
 B
T
B
D
6,
 N
U
D
T
14
, 
JA
G
2,
 
G
P
R
13
2,
 C
D
C
A
4,
 C
21
H
14
or
f7
9,
 A
H
N
A
K
2,
 P
L
D
4,
 K
IA
A
02
84
, 
Z
B
T
B
42
, 
SI
V
A
1,
 A
D
SS
L
1,
 I
N
F
2,
 T
M
E
M
17
9,
 N
R
A
C
N
o
1 M
A
F
 =
 m
in
or
 a
lle
le
 f
re
qu
en
cy
; 
ov
er
la
p 
=
 g
en
e 
ov
er
la
p 
w
it
h 
pr
ev
io
us
 5
0K
 a
na
ly
si
s.
Journal of Dairy Science Vol. 101 No. 8, 2018
SHORT COMMUNICATION: JOHNE’S DISEASE GENETICS 5
codes for a GTPase that regulates IFN-γ-dependent 
macrophage resistance against intracellular bacteria 
and protozoa (Taylor et al., 2004). The third candidate 
gene (TRIM41) codes for a member of the tripartite 
motif family that has recently been characterized as a 
NOD2-interacting protein that may be involved in the 
NOD2 cell signaling pathway (Thiébaut et al., 2016). 
The NOD2 (CARD 15) is well known to have a pro-
tective function. The NOD2 is a pathogen recognition 
receptor that recognizes the mycobacterial pathogen-
associated molecular pattern muramyl dipeptide, which 
leads to activation of transcription factor NF-κB and 
pro-inflammatory cytokine expression (Girardin et al., 
2003; Abbott et al., 2004), and SNP in NOD2 have 
previously been associated with susceptibility to MAP 
infection in cattle (Ruiz-Larrañaga et al., 2010). The 
fourth and fifth candidate genes (TNFRSF18 and TN-
FRSF4) belong to the tumor necrosis factor receptor 
super family and are known to stimulate a T-helper 1 
cell-mediated immune response, which is important for 
controlling MAP infection, and to regulate the inflam-
matory response (Hehlgans and Pfeffer, 2005).
A final interesting gene harboring a QTL on BTA15 
is also worth mentioning because of its immunologi-
cal importance; the IL-18 gene is located at 1.9 Mb 
upstream from the SNP rs135496866. The protective 
pro-inflammatory role of IL-18 against mycobacterial 
infections is well documented. For instance, Alfonseca-
Silva et al. (2016) reported increased expression of 
IL-18 from Mycobacterium bovis-infected macrophages 
that has been isolated from naturally resistant as op-
posed to susceptible donors. Sugawara et al. (1999) 
also demonstrated the protective role of IL-18 through 
IFN-γ induction during the course of mycobacterial 
infection.
In comparison with this study, 2 recently published 
GWAS identified different positional candidate genes 
and QTL associated with JD. By conducting a combined 
across-breed GWAS, Sallam et al. (2017) identified 
QTL on BTA2, BTA3, BTA6, BTA8, BTA25, BTA27, 
and BTA29 and also reported 2 positional candidate 
genes, BTN1A1 and TDP2, associated with JD (cases 
were defined as cows that were positive by either fecal 
culture or serum ELISA tests). In an another GWAS 
using BovineSNP50 data, where JD cases were defined 
as MAP tissue quantitative PCR and culture positive, 
Kiser et al. (2017) identified 7 QTL located on BTA22 
in Jerseys and 6 QTL located on BTA8, BTA10, BTA12, 
BTA14, and BTA16 in the combined Pacific Northwest 
and Northeast Holstein population by meta-analysis. 
The positional candidate genes identified in this study 
included BCAR3, FLVCR2, RASA3, MGC134473, 
MARK1, C16H1orf115, MARC2, C10H14ORF1, and 
CDC42BPA. All these genes play an important role in 
immunological processes, with some potentially affect-
ing MAP entry into host immune cells. The dissimilar-
ity in the findings of these 2 studies compared with the 
current study can be attributed to different phenotypes 
used to define JD positive animals, different statistical 
analysis employed for the GWAS, different sample size, 
and different cattle populations. It is of great impor-
tance to perform GWAS across independent popula-
tions and breeds to validate previous findings and better 
define the genetic architecture of JD, as well as identify 
important genomic regions affecting resistance to JD 
across breeds and populations. The identification of dif-
Figure 1. Manhattan plot for principal component regression analysis of imputed genotype data. A total of 41 SNP across 9 chromosomes 
(BTA5, BTA6, BTA7, BTA10, BTA14, BTA15, BTA16, BTA20, and BTA21) were found to be significant at P < 1.99E-6 (Sidak correction). 
Color version available online.
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ferent QTL and candidate genes across chromosomes 
and populations is a clear reflection of the polygenic 
nature of JD.
Limitations associated with this study include the 
small size of the resource population (n = 232) and the 
lack of pedigree records. However, the 2-stage logistic 
regression method used for this GWAS allowed for joint 
analyses of individual SNP, while also using PC from 
the SNP-covariance matrix as regressors to account 
for linkage disequilibrium that exists between markers 
present on the same chromosome. Simultaneous analy-
sis of multiple markers accounted for the population 
substructure, which was essential because the pedigree 
details of the case-control animals were unknown. Prin-
cipal components were also only computed for markers 
that were found to be significant after the first stage 
of the analysis, which avoided infinite likelihood and 
inaccurate estimates of the phenotype. The multiple 
logistic PC regression analysis and its advantages over 
traditional single-SNP regression analysis are further 
explained in detail by Pant et al. (2010).
The genotype imputation used in the present study 
provided an inexpensive method for predicting geno-
types and identifying QTL associated with MAP in-
fection status. Imputation accuracy using FImpute 
software, which is mainly influenced by the density of 
SNP panel and the number of individuals making up 
the reference population (n = 2,998), was expected to 
be greater than 98% in the present study (Sargolzaei et 
al., 2014). These authors have also shown that imputa-
tion accuracy for rare alleles having a MAF <0.05 is 
higher using FImpute in comparison to other imputa-
tion software such as Beagle and Impute2.
In conclusion, a GWAS was performed using HD-
imputed genotype data to identify QTL associated 
with MAP infection status. Several new QTL harbor-
ing potential candidate genes were identified that could 
be involved in the immune response to MAP infection. 
These associations should be validated in an inde-
pendent population, and the functional contribution 
of these genes in the host response to MAP warrants 
further investigation.
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